The objective of this review is to provide an overview and discussion of recent epidemiologic and mechanistic studies of stress in relation to asthma incidence and morbidity.
INTRODUCTION
Asthma is a major public health problem in the United States [1] and around the world [2] .
In 2009, the prevalence of current asthma in the United States was estimated as 8.2% (corresponding to 24.6 million affected people) [1] . In this country, members of certain ethnic minority groups, especially Puerto Ricans and African Americans, and the poor share both a disproportionate burden of asthma and increased exposure to psychosocial stress [1, [3] [4] [5] [6] [7] . There is increasing evidence of a link between stress and asthma, whereas psychological stress can affect individual biology, disease progression and disease management throughout the lifespan [8, 9] . Given this link, there is great interest and a growing body of literature on psychological stress, a potentially modifiable factor, and asthma and asthma morbidity in youth and adults [10,11 && ]. The purpose of this review is to critically examine recently published literature on psychosocial stress and asthma. An ecological framework has been used to organize and present recent evidence, recognizing that biological, individual, family, and community level psychosocial factors may have individual and synergistic effects on asthma morbidity [12] [13] [14] . For ease of exposition, we will separately review the asthma-related literature on psychosocial factors at the individual, family, and community level ( Fig. 1 ) and recent interventional studies. We then provide general recommendations for future directions in this field. stress and to experience posttraumatic stress disorder (PTSD), which has been linked to increased asthma morbidity [3] [4] [5] [6] 10] . Pituitary adenylate cyclase-activating polypeptide (PACAP) broadly regulates cellular stress responses. In a landmark study, Ressler et al. [15 && ] examined the role of the pituitary adenylate cyclase-activating polypeptide type 1 receptor (PACAP-PAC1) pathway in PTSD in a cohort of adults with significant exposure to lifetime traumatic events. In this study, PACAP blood levels were significantly associated with fear responses, PTSD diagnosis and PTSD symptoms in women but not in men. After genotyping 44 single nucleotide polymorphisms (SNPs) in the genes encoding PACAP (ADCYAP1) and PAC1 (ADCYAP1R1), the authors demonstrated a femalespecific association between a SNP in a putative estrogen response element within ADCYAP1R1 (rs2267735) and fear discrimination, PTSD diagnosis and symptoms, and ADCYAP1R1 messenger RNA expression in human brain. Epigenetic regulation (methylation) of ADCYAP1R1 in peripheral blood was also shown to be associated with PTSD in both men and women, raising the issue of whether sexindependent effects of PACAP or SNP rs2267735 could be demonstrated in a sufficiently large cohort. To complement their findings in humans, the investigators showed induction of ADCYAP1R1 mRNA by fear or estrogen replacement in murine models. Taken together, these novel results suggest that alterations in the PACAP-PAC1 receptor pathway underlie abnormal stress responses in PTSD, and that sex-specific effects may be mediated by estrogen regulation. PACAP levels and ADCYAP1R1 SNPs may serve, as useful biomarkers to better understand the pathogenesis of PTSD and consequences of psychosocial risk exposures and perhaps the link between this entity and asthma morbidity.
Little is known about the relationship between trauma or PTSD and lung function, which can be associated with asthma severity or control. Spitzer et al. [16] examined the relationship between traumatic stress (defined as lifetime exposure to 1 traumatic event), with or without PTSD, and lung function measures in 1772 adults. In a multivariate analysis, PTSD was strongly associated with asthma symptoms but not with forced expiratory volume in 1 second (FEV 1 ) or FEV 1 /forced vital capacity (FVC). In contrast, traumatic stress was significantly associated with modest reductions in
KEY POINTS
Recent findings suggest and strengthen recognition that stress at the individual, family and community levels influence asthma and asthma morbidity in children and across the lifespan.
Key new findings illustrate how psychosocial stress may influence asthma morbidity through Posttraumatic Stress Disorder, prenatal and postnatal maternal/caregiver stress, family, and community violence and deprivation.
Innovative methodologies that document pathways associated with stress at multiple levels, as well as evaluation of potential interventions that mitigate the impact of stress upon asthma morbidity are needed to address persistent disparities in asthma within racial/ ethnic minority and economically disadvantaged communities. FEV 1 (34 ml) and FEV 1 /FVC (6.3%), adjusting for age, sex, smoking, medication use, and other confounders. Because the study was cross-sectional, the temporal relationship between traumatic stress or PTSD and the development of asthma symptoms or lung function abnormalities could not be established. Additional limitations of this study include inadequate power to detect modest effects of PTSD on lung function, potential selection bias and use of nonstandardized instruments to assess panic attacks and negative emotional states.
Wright et al. [17] conducted a longitudinal study of stressors related to the Iraqi invasion of Kuwait and incident asthma in elderly Kuwaiti civilians. After adjustment for smoking and other potential confounders, patients who were highly exposed to war stressors had 2.3 times higher odds of asthma than those unexposed (95% confidence interval for hazard ratio ¼ 1.3-3.9). Interpretation of the study findings is limited by potential misclassification of COPD as asthma and residual confounding by access to healthcare.
Socioeconomic status (SES) may also be related to and/or modify the effects of exposure to community violence and psychosocial stress on asthma. Most studies on this topic have focused on children and youth. A recent prospective cohort study [18] of 326 inner-city adult residents with moderate-tosevere asthma found that stress was significantly correlated with poorer asthma control, poor asthma quality of life, and decreased adherence with prescribed medications at baseline and after 1 year of follow-up. Limitations of this study include inability to exclude 'reverse causation' (e.g. if individuals whose asthma is more poorly controlled are also more likely to perceive stress), lack of objective markers of asthma severity or control, and residual confounding by smoking.
Resilience, socioeconomic status, and childhood asthma
Recent research has focused on individual-level factors that may reduce the impact of stressors related to low SES on asthma morbidity in childhood [19 & ]. In an observational study of 121 children (ages 9-18 years) with physician-diagnosed asthma, those who came from low SES but engaged in shift-and-persist strategies (e.g. dealing with stressors by reframing them more positively, whereas at the same time persisting in optimistic thoughts about the future) had less asthma inflammation [assessed by eosinophil count and interleukin 4 (IL-4) levels in peripheral blood] at baseline (b ¼ 0.19, P < .05) and less asthma impairment (reduced rescue inhaler use and fewer school absences; b ¼ 0.32, P < .01) after 6 months of follow-up than those from low SES who did not engage in shift-and-persist strategies. Although the study was limited by infrequent follow-up (and thus inadequate assessment of physician visits and hospitalizations) and lack of data on medication adherence, its findings suggest that developing approaches to cope with stressors related to SES may help reduce existing asthma disparities in childhood.
Potential biological mechanisms
Experiments in animal models have shown that stress may influence asthma through effects on the immune system. Kang and Weaver [20] examined the effects of acute and chronic stress on cytokine levels in bronchoalveolar lavage (BAL) fluid following antigen challenge of mice with and without allergic airway inflammation (AAI). Compared with antigenchallenged mice with AAI but no stress exposure, antigen-challenged mice exposed to acute or chronic stress had significantly higher levels of IL-4 but significantly lower levels of interferon g (IFN-g) in BAL fluid. Antigen-challenged mice with AAI that were exposed to acute stress had higher IL-4 and IL-4/IFN-g levels in BAL fluid than those exposed to chronic stress, suggesting that acute stress may increase the risk of asthma exacerbations through enhanced Th2 immune responses.
Stress may modify the effects of environmental exposures on asthma or asthma morbidity. A recent study [21 & ] in rats showed that those exposed to both air pollution (concentrated ambient particles) and stress had higher levels of inflammatory markers, white blood cell counts and worse respiratory and lung function than those exposed only to stress or air pollution. Overall, the study results suggest that subacute stress may modify the effects of air pollution on systemic inflammation and the respiratory system. In a recent population-based study [22 & ] of children, parental stress was associated with increased susceptibility to environmental traffic particulate exposures and significant reductions in FEV 1 .
FAMILY LEVEL
Recent evidence has shown that stress at the family level, in pre-natal, post-natal early life and later in life, can impact asthma morbidity.
Prenatal/early-life exposure to stress and asthma morbidity Prenatal maternal stress has been associated with increased asthma morbidity in childhood [26, 27] . In a cohort study [23 && ] of 557 families in the United States predominantly belonging to ethnic minorities, prenatal composite cumulative stress (a score incorporating individual stressors, and ecological strains, including housing and neighborhood problems) was associated with altered innate and adaptive immune responses, as assessed by cord blood mononuclear cell (CBMC) cytokines. In particular, higher prenatal stress was associated with increased IL-8 and TNF-a after microbial stimuli, increased IL-13 after dust-mite stimuli and reduced phytohemagglutinin-induced IFN-g. Longitudinal follow-up of participants should help elucidate whether the effects of prenatal maternal stress on early-life immune responses leads to an increased risk of asthma or allergic diseases in childhood.
Parenting styles, parental stress, and asthma morbidity in childhood
Much attention has been given to prenatal and early-life exposure to maternal stress on childhood asthma morbidity [28, 29] , whereas little is known regarding the influence of paternal psychosocial factors and childhood asthma [11 && ]. In the first such study of paternal influence, data on indicators of psychosocial stress and asthma morbidity were collected from interviews with fathers and mothers separately of 678 Puerto Rican twins at ages 1-3 years. In a multivariate analysis combining outcomes at ages 1 and 3 years, paternal depression was associated with increased use of oral steroids for asthma, maternal depressive symptoms were associated with higher incidence of asthma diagnosis and increased asthma hospitalizations, and parental (maternal and/or paternal) depression was associated with increased asthma hospitalizations. Further follow-up of this cohort and/or future studies should help characterize the independent and joint effects of paternal and maternal stress on asthma morbidity in childhood.
In a 1-year longitudinal study of 224 mothers of children with asthma, Nagano et al. [30] showed that maternal irritation/anger or emotional suppression was associated with greater asthma severity at 1 year in children younger than 7 years. In children 7 years and older, maternal self-centered behavior was associated with greater asthma severity after 1 year of follow-up [30] . Interpretation of the study findings is limited by lack of objective markers of asthma severity or control, no formal testing for an interaction between maternal stress and children's age, and potential residual confounding by baseline asthma severity.
Intimate partner violence and childhood asthma
Recent studies have examined the relation between maternal intimate partner violence (IPV) and childhood asthma. In a birth cohort study [31] of 3116 families with an overrepresentation of nonmarital births, chronic IPV was associated with two-fold increased odds of physician-diagnosed asthma at the age of 3 years. In an analysis stratified by mother-child activities (MCAs), children whose mothers were exposed to chronic IPV and a low level of MCAs had higher odds of asthma at age 3 years than those exposed to chronic IPV but with a high level of MCAs. In another analysis of data from the same cohort, the investigators report modification of the effect of chronic IPV on asthma by living in deteriorated or disarrayed housing, as well as by housing hardship [32] . Although these two studies are limited by potential misclassification of asthma in young children, lack of formal testing for interaction between IPV and either MCAs or housing conditions, and noncorrection of results for multiple testing, their findings suggest that intervention efforts targeting both the social and physical environment in the homes of children at risk are more likely to reduce asthma burden than single-target interventions.
COMMUNITY LEVEL
Exposure to community crime and community violence may influence asthma morbidity [19 & , [33] [34] [35] [36] 37 & ]. In a 3-year longitudinal study [13] , young children attending low SES schools and living in areas with high crime rates were found to have increased risk for asthma, even after accounting for parental stress, indoor and traffic-related pollution exposure, and neighborhood segregation. Individual factors within the school (e.g. allergen exposure, building characteristics) and community social environment need to be further studied to better understand the mechanisms underlying the observed associations.
Exposure to community violence within low SES settings (a potential social and contextual risk factor for asthma morbidity) continues to warrant examination in light of persistent and growing ethnic disparities in asthma or asthma morbidity [10,34 Children who came from low SES but engaged in shift-and-persist strategies had less asthma inflammation at baseline and less asthma impairment after 6 months of follow-up than those from low SES who did not engage in shift-and-persist strategies Infrequent follow-up; lack of data on medication adherence Kang and Weaver [20] Murine study of the effects of acute and chronic stress on cytokine levels in BAL fluid following antigen challenge of mice with and without AAI Compared with antigen-challenged mice with AAI but no stress exposure, antigen-challenged mice exposed to acute or chronic stress had significantly higher levels of IL-4 but significantly lower levels of IFN-g in BAL fluid. Antigen-challenged mice with AAI that were exposed to acute stress had higher IL-4 and IL-4/IFN-g levels in BAL fluid than those exposed to chronic stress
Lack of assessment of cells involved in immune responses; uncertainty regarding what constitutes chronic stress in murine models, as well as generalizability of findings in murine models to humans
Clougherty et al. [21 & ] Study of the effects of stress and exposure to fine CAPs on biomarkers of inflammation in 24 rats Rats exposed to both CAPs and stress had higher levels of inflammatory markers, white blood cell counts and worse respiratory and lung function than those exposed only to stress or air pollution Small sample size; uncertain generalizability of results to humans Nagano at al. [30] Prospective study of 223 children with asthma (ages 2-12 years) and their mothers
After 1 year of follow-up, maternal irritation/anger or emotional suppression was associated with greater asthma severity in children younger than 7 years. In children 7 years and older, maternal selfcentered behavior was associated with greater asthma severity Lack of objective markers of asthma severity or control; no formal testing of an interaction between maternal stress and children's age; potential residual confounding by baseline asthma severity Suglia et al. [31] Birth cohort study of 3116 families with an over-representation of nonmarital births
Chronic IPV was associated with two-fold increased odds of physiciandiagnosed asthma at age 3 years. In an analysis stratified by MCAs, children whose mothers were exposed to chronic IPV and a low level of MCAs had higher odds of asthma at age 3 years than those exposed to chronic IPV but with a high level of MCAs individual-level and neighborhood-level confounders. However, community violence and other individual-level factors failed to fully account for the excess asthma burden in African Americans. In another study [37 & ] of inner-city adults, predominantly African-American women with moderateto-severe asthma in Philadelphia, exposure to community violence at baseline was significantly associated with visits to the emergency department or hospitalizations for asthma over 26 weeks of follow-up, even after accounting for ethnicity and household income.
Assessment of macro-level psychosocial risk exposures presents a number of methodological challenges. Recent studies have strengthened our understanding of psychosocial stressors on asthma morbidity by incorporating novel psychosocial exposure variables to create relevant composite measures of policy-oriented housing-related stressors for low-income, urban, racially/ethnically heterogeneous families of young children with respiratory problems in schools [40 & ]. Although cross-sectional in design, this study is novel in its incorporation of diverse social and housing variables into one construct characterizing urban stress as 'social pollutant' negatively influencing general and respiratory health.
Intervening to address stress and asthma morbidity
Studies that assess the impact of interventions to address the harmful influence of stress at the individual, family, or community levels are needed [41] . In the first known problem-solving emotional management intervention for childhood asthma, Long et al. [42 & ] showed significant improvement in lung function, perceived stress, and depressed mood in children ages 7-12 years recruited from community and school-based samples. Although the study was limited by small sample size, this stress-management intervention aimed at improving asthma education, stress reduction, relaxation, coping, and problem solving management skill (called 'I Can Cope') shows promise for implementation in school-based settings.
CONCLUSION
Over the last 2 years, a number of studies have provided valuable insight into the relation between psychosocial factors and asthma morbidity ( Table 1) . Additional mechanistic studies are needed to understand the effect of biological pathways and ecological (biological, individual, family, and community) stress-related influences on asthma and asthma morbidity. Studies using objective biomarkers and objective measures of asthma, asthma control, and asthma severity should be conducted in a spectrum of environmental and social settings, thereby providing a comprehensive examination of the complex intersecting relationships of contextual psychosocial stressors upon asthma and asthma morbidity [10] . Furthermore, interventional studies should be conducted to assess the public health implications of alleviating the burden of psychosocial stress on asthma in populations at risk.
Methodological challenges to be addressed in future studies include defining and characterizing psychosocial stressors, and developing biomarkers [43] . The need to carefully define such factors is particularly salient to characterizing stressors effectively within diverse socio-cultural, geographic, and ecological settings. Mixed-methods approaches utilized to examine, document and define the relationship and mechanistic and contextual pathways upon asthma morbidity can complement the growing body of population-based research and inform population-based studies guided by community priorities [36, 44] . Federal guidelines to address chronic disparities in health [45] , as well as results from community-based asthma studies, suggest that engaged research approaches [e.g. communitybased participatory research (CBPR)] contribute positively to the enhancement of community capacity to address important contextual triggers, reduce environmental hazards and improve the health of community residents [44] . CBPR provides an approach and framework for practitioners, community members, and academics to address disparities in health and work in partnership to design, conduct, and implement research and to disseminate the findings within affected communities [36, 44, 46] . As highlighted in this review and other published literature, the relationship between stress and asthma is far from understood. Future research and interventions that integrate a multilevel perspective and resources from clinical, community, public health, and policy settings should improve our ability to understand and mitigate the influence of psychosocial stress on asthma morbidity.
